Objective: Primary hyperuricemia, an excess of uric acid in the blood, is a major public health problem. In addition to the morbidity that is attributable to gout, hyperuricemia is also associated with metabolic syndrome, hypertension, and cardiovascular disease. This study aims to assess the genetic associations between Apolipoprotein E (APOE) polymorphisms and hyperuricemia in a Chinese population.
Introduction
Serum uric acid (SUA) is the final product of purine metabolism in humans. Hyperuricemia(HUA), which is caused by the overproduction of urate or, more commonly, by the reduced renal excretion of urate, contributes to the development of gout [1] . It was reported that 18.8% of patients with HUA developed gout in a 5-year follow-up [2] . Elevation of the SUA level has been identified as a potential risk factor for developing hypertension, insulin resistance, dyslipidemia and obesity, which are hallmarks of metabolic syndrome [3] [4] [5] [6] . In addition, multiple epidemiologic studies have confirmed an association between hyperuricemia and cardiovascular disease (CVD) [7] [8] [9] . The increasing occurrence of hyperuricemia was observed not only in western populations but also in Asia, including China. Our previous study has shown that the prevalence of HUA is 13.7% in northern China [10] . Recently a meta-analysis demonstrated that in China, the prevalence of hyperuricemia was 21.6% in males and 8.6% in females [11] .
The apolipoprotein E (APOE) gene, located in the 19q13 chromosomal region, encodes the ApoE protein, which plays an important role in transporting cholesterol and other lipoproteins. The APOE gene has three common alleles, designated as e2, e3, e4, and six different genotypes, e2/2, e2/3, e2/4, e3/3, e3/4, e4/ 4. These three common alleles result from two single-base polymorphisms within exon 4, at codons 112 and 158 [12] . APOE-e3 has a cysteine at residue 112 and an arginine at 158, which are required for normal ApoE functioning. APOE-e2 (Arg158RCys) has been shown to be associated with decreased levels of total and low density lipoprotein (LDL) cholesterol, whereas APOE-e4 (Cys112RArg) is associated with increased cholesterol levels [13, 14] .
In addition to the impact on the serum lipid profile, blood pressure levels [15] , the occurrence and development of type 2 diabetes mellitus [16] and neurodegenerative disorders [17] , polymorphisms of the APOE gene are also associated with the risk of cardiovascular diseases [18] . An association between APOE polymorphisms and SUA was also demonstrated in several studies. However, other studies have reported inconsistent results. Some studies suggest that the e2 allele is independently associated with increased SUA levels [19, 20] and that e4 is associated with decreased SUA levels [21, 22] , but others show that the e4 allele is associated with a higher risk of hyperuricemia [23] . Possible causes include racial and ethnic differences. At present, the correlation between APOE polymorphisms and hyperuricemia remains elusive in China, especially among individuals in an area inhabited by ethnic minorities.
Therefore, the objective of this study was to assess the genetic associations of APOE polymorphisms and hyperuricemia in a Chinese population.
Methods

Subjects
The subjects were selected from a population-based crosssectional survey, the Chinese Physiological Constant and Health Condition (CPCHC), in the Ningxia Hui Autonomous Region (2011). Briefly, this survey included 6056 participants, aged 10 to 80 years, who underwent physical examination and assays of serum biochemical indicators, including the serum urate levels. Of these 6056 subjects, 356 participants were initially screened as hyperuricemic cases in the present study. One or two region-, gender-and age-matched (the age difference did not exceed 2 years) normouricemic controls for each case were randomly selected at the time of the case diagnosis. Hyperuricemia was defined as SUA$7 mg/dl (416 mmol/L, male) or SUA$6 mg/dl (357 mmol/L, female), which is a widely accepted diagnostic criteria [24] [25] [26] . Finally, a total of 356 hyperuricemic subjects (243 male and 113 female) and 414 normouricemic individuals (218 male and 196 female) were recruited for genetic analysis. Participants with known systemic diseases, including diabetes mellitus, hypertension, cardiovascular disease, renal or liver disease, gastrointestinal disease, pulmonary disease, or cancer were excluded. Moreover, participants taking any medication known to affect carbohydrate and lipid metabolism were also excluded. The study was conducted in accordance with the Helsinki Declaration and was approved by the Ethics Committee of the Institute of Basic Medical Sciences at the Chinese Academy of Medical Sciences. Written informed consent was obtained from each adult participant before data collection. For minors/children, we sent the parents/guardians an information sheet about the study and obtained their written informed consent on behalf of the minors/children enrolled in our study.
Clinical Laboratory Tests
All procedures were performed following a 9-12 hour overnight fast and all subjects were told to consume a bland diet before blood testing. Blood pressure (BP) was measured using an OMRON HEM-7000 electronic sphygmomanometer (OMRON HealthCare, Kyoto, Japan) after the participant had rested for $10 min. Blood was drawn from the antecubital vein of the arm. Total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were measured with a Beckman AU Series Automatic Biochemical Analyzer (Japan), using Sekisui Medical (Japan) reagents. Fasting blood glucose (FBG), uric acid (UA), creatine (Cr), and blood urea nitrogen (BUN) were measured with the same instrument, using Beckman AU reagents. HbA1c was examined by high-performance liquid chromatography (HPLC) on a Bio-Rad Diamat automated glycosylated hemoglobin analyzer (USA).
APOE Genotyping
Genomic DNA for APOE genotyping was extracted from peripheral blood mononuclear cells with the Genomic DNA Purification System (Promega, Madison, WI, USA). The DNA samples were then analyzed using the amplification refractory mutation system (ARMS)-polymerase chain reaction (PCR) assay The allelic and genotypic frequencies are indicated in absolute values and percentage. P value for the overall comparison between the hyperuricemic and normouricemic groups by the chi-square test.
The extremely rare genotypes-e2e2, e2e4 and e4e4 subjects were described but excluded from the statistical analysis. doi:10.1371/journal.pone.0110864.t002 Table 3 . The APOE genotype and allele frequencies among the study subjects stratified by gender. Subjects with the extremely rare genotypes -e2e2, e2e4 and e4e4 were described but excluded from the statistical analysis. [27] . Briefly, the PCR was conducted with the following primers: Cys158/Arg158 (59-ATGCCGATGACCTGCAGAATT-39)/ (59ATGCCGATGACCTGCAGAATC-39), Cys112/Arg112(59-CGCGGACATGGAGGACGTTT-39)/(59-CGCGGACATG-GAGGACGTTC-39), and a common reverse primer (59-GTTCAGTGATTGTCGCTGGGCA-39). The common primer was paired with Cys158/Arg158 or Cys112/Arg112 and produced an amplicon of 451 and 588 base pairs (bp), respectively. A 218-bp fragment of the LDLR gene was co-amplified to function as an internal positive control, and the PCR primer sequences were 59-GTGGCACCGAGACCAAACTC-39 and 59-AGTG-CAAGGAGACCACGGGA-39. The PCR conditions were denaturation at 95uC for 5 min, followed by 35 cycles of 95uC for 30 sec, 63uC for 30 sec and 72uC for 30 sec, and a final extension at 72uC for 5 min. At the end of the PCR cycles, the products were resolved by electrophoresis on 2% agarose gels to validate the amplification of the specific PCR product expected.
Statistical Analysis
Continuous variables with a normal distribution are given as the mean 6 standard deviation (SD) and were analyzed by t-test. Variables with a non-normal distribution are given as the median (interquartile range) and were compared by the Wilcoxon rank sum test. Categorical variables (such as ethnicity, genotype distribution and allele frequency) were analyzed as percentages using the Chi-squared test. The extremely rare genotype groups (e2/e2, e4/e4 and e2/e4) were excluded from the genotype analyses, but they were included in the allele analyses. ANOVA or the Wilcoxon rank sum test were used to compare the data related to the clinical parameters among the different APOE genotypes. Genotype and alleles frequencies for APOE were calculated and compared between the hyperuricemia cases and the control subjects using the Chi-squared and Fisher's exact test. The associations between the ApoE genotypes and alleles and hyperuricemia were measured by calculating odd ratios (ORs) and 95% confidence intervals (CIs) using logistic regression. Univariate logistic analysis was applied to examine association between each potential risk factor and HUA. In multivariate analyses, all factors that were statistically significant were adjusted as potential confounding variables and the adjusted ORs and 95% CIs were calculated. Hardy-Weinberg equilibrium was assessed using the chi-squared test. In each model, the homozygous e3/e3 genotypes formed the reference group. Statistical significance was assumed at P,0.05, and all statistical analyses were conducted using SPSS.
Results
Clinical characteristics of the normouricemic and hyperuricemic groups stratified by gender
As shown in Table 1 , there was no significant difference in mean age between the normouricemic group and the hyperuricemic group for either men or women. Regardless of gender, the hyperuricemic group had significantly higher values for body mass index (BMI), waist circumference (WC), systolic blood pressure (SBP), total cholesterol (TG), fasting blood glucose FBG, Glycated hemoglobin (HbA 1C ), uric acid (UA), creatine (Cr) and blood urea nitrogen (BUN), but they had lower high-density lipoprotein cholesterol (HDL-C) levels compared with the normouricemic group (P,0.05). The levels of Total cholesterol (TC) and lowdensity lipoprotein cholesterol (LDL-C) were significantly higher among women in the hyperuricemic group than in the normouricemic group, while the diastolic blood pressure (DBP) was significantly higher for men in the hyperuricemic group than in the normouricemic group.
Distribution of APOE genotypes and alleles among the study subjects A total of 356 hyperuricemic cases and 414 normouricemic subjects were evaluated, and the frequencies of the APOE genotypes and alleles are shown in Table 2 . The allele frequencies were within Hardy-Weinberg equilibrium (P.0.05). The frequencies of the e2e3 genotype and the e2 allele in the hyperuricemic group were significantly higher than those in the normouricemic group (P = 0.003 and P = 0.001, respectively). However, the distributions of the e3e3 genotype and the e3 allele were significantly lower in the hyperuricemic individuals (P = 0.008 and P = 0.007, respectively). Table 3 and 4 present the APOE genotype and allele frequencies distributed by gender and ethnic group, respectively. The e2e3 genotype frequency in the hyperuricemic group was significantly higher than that in the normouricemic group for males (P = 0.039). Furthermore, the APOE e2 allele frequency was significantly higher in the hyperuricemic group compared with the normouricemic group both in males (P = 0.014) and females (P = 0.049). In addition, the frequencies of the APOE-e3e3 genotype and the e3 allele in the hyperuricemic group were significantly lower than those in the normouricemic group in males but not in females. Meanwhile, we observed that the prevalence of the APOE e2 allele in males was higher than that in females in both the hyperuricemic (11.3% vs. 8.8%) and the normouricemic (6.7% vs. 4.8%) groups, although the difference was not statistically significant. Similar results were obtained from different ethnic groups (Table 4 ). The frequencies of the e2e3 genotype and the e2 allele were significantly higher, but those of the e3e3 genotype and the e3 allele were significantly lower in the hyperuricemic group compared with the normouricemic group in the Han population. Moreover, in the Hui population, a significant difference in the distribution of the e2 allele between the control and hyperuricemic groups was identified.
Distribution of APOE genotypes and alleles based on gender and ethnicity
Effect of APOE gene polymorphism on metabolic parameters and serum uric acid concentrations
We further analyzed the effects of the APOE genotypes on the clinical and metabolic parameters and serum uric acid levels in both the normouricemic group and hyperuricemic group. As shown in Table 5 , the levels of TC, LCL-C and UA were significantly different among the APOE genotype groups in both the normouricemic group and hyperuricemic group. The e2/3 group had significantly higher levels of serum uric acid compared with the e3/3 group (P,0.05). Table 6 presents the association between the presence of APOE gene polymorphism, clinical metabolic parameters and hyperuricemia. The results of univariate logistic regression revealed that carriers of the e2e3 genotype (P = 0.002, OR = 1.937, 95% CI 1.267-2.959) and e2 allele (P = 0.001, OR = 1.932, 95% CI 1.323-2.821) were significantly more likely to present hyperuricemia when the e3/e3 genotypes was set as the reference group. Furthermore, sex, BMI, WC, SBP, DBP, TC, TG, HDL-C, LDL-C, BUN, Cr, FBG and HbA 1C were found significantly associated with hyperuricemia. Considering the high degree of correlation between some variables (for example, SBP and DBP), in the next multivariate logistic regression model, only key factors sex, BMI, DBP, TG, LDL-C, Cr and FBG were included and adjusted as potential confounding variables. As shown in Table 7 , the e2e3 genotype (P = 0.001, OR = 2.194, 95% CI 1.362-3.537) and e2 allele (P = 0.001, OR = 2.099, 95% CI 1.379-3.195) were also significantly associated with hyperuricemia after adjusting for sex, BMI, DBP, TG, LDL-C, Cr and FBG.
Discussion
In the present study we observed that APOE gene polymorphism is associated with hyperuricemia in Chinese subjects. The frequencies of both the APOE-e2e3 genotype and e2 allele were higher in the hyperuricemic group than in the normouricemic group (p,0.01), and individuals with the e2e3 genotype or e2 allele had significantly higher SUA levels than e3e3 genotype or e3 allele carriers. To the best of our knowledge, this is the first study to examine the possible associations between APOE polymorphism and hyperuricemia in China.
APOE gene polymorphism is known to be closely related to cardiovascular disease, hypertension, dyslipidemia, diabetes, and metabolic syndrome [28] . Hyperuricemia is an independent risk factor for coronary artery disease(CAD), hypertension, and obesity-related metabolic syndrome [29] . Therefore, it is reasonable to explore the connections between APOE gene polymorphism and hyperuricemia. Cardona et al. reported that the prevalence of the e2 allele was greater in the patients with gout than in the healthy subjects and proposed that the reduced renal excretion of uric acid in patients with gout is mediated by the high prevalence of the e2 allele of the APOE gene [19] . Another study in Caucasians also suggested that the APOE-e2 allele is independently associated with increased SUA levels in healthy individuals [20] . In addition, according to various studies, the association between the e4 allele and serum uric acid levels is controversial. Different studies have shown that APOE-e4 allele carriers have lower [21, 22] or higher [23] SUA levels compared with APOE-e3 allele carriers.
In this Chinese population study, the frequencies of the e2e3 genotype and the e2 allele in hyperuricemic individuals were significantly higher than those in normouricemic subjects, but no difference in the frequency of the e4 allele was found between the two groups. We further analyzed the associations of gender and ethnicity with APOE polymorphism, and we found that the APOE e2 allele frequency was also significantly higher in the hyperuricemic group compared with the normouricemic group, not only in males and females but also in the Han and Hui populations (Table 3 and Table 4 ). Interestingly, we observed that the prevalence of the APOE e2 allele in males was higher than that in females in both the hyperuricemic (11.3% vs. 8.8%) and normouricemic (6.7% vs. 4.8%) groups (Table 3) , which may be another reason besides differences in sex hormones for the reduced renal excretion of uric acid and the high incidence of hyperuricemia in males. Denzer et al. reported a significantly positive association between plasma testosterone and uric acid concentrations in obese children and adolescents [30] . In addition, animal studies have demonstrated gender differences in uric acid transporters and showed that male mice have a higher reabsorption of uric acid than female mice [31] . The higher APOE e2 allele frequency in men and its possible impact requires further confirmation and clarification. The frequencies of the APOE alleles are highly variable among different ethnic populations; for example, the e4 allele frequency is significantly higher in AfricanAmerican than in Asians [32] . Therefore, in this study, we explored the difference in the frequencies of APOE gene polymorphisms between Han and Hui populations, but we did not find any significant difference between the two groups. A logistic regression model demonstrated that the e2e3 genotype and the e2 allele were significantly positively associated with hyperuricemia, and the association remained significant after adjustment for gender, BMI, DBP, TG, LDL-C, FBG and Cr. The e2e3 genotype or e2 allele could be considered as independent risk factors of hyperuricemia. The underlying mechanisms for the increased risk of hyperuricemia in individuals with the e2e3 genotype or the e2 allele are largely unknown, but they are most likely related to increased purine metabolism and uric acid production or decreased renal clearance of uric acid. The presence of the APOE-e2 allele in patients with gout is associated with reduced renal excretion of urates [19] . In fact, in this study, the positive association between the e2 allele and hyperuricemia persists after excluding the impact of serum creatinine (SCr), suggesting that the main reason is not reduced renal clearance of uric acid, but more likely increased production of uric acid. The presence of APOE gene polymorphism has been demonstrated to influence serum levels of C-reactive protein (CRP) [33] . Moreover, epidemiological studies have confirmed that children with high concentrations of CRP are more susceptible to hyperuricemia, and the serum uric acid concentration increased with rising CRP levels [34] . Whether the APOE-e2 allele could stimulate uric acid production and the underlying mechanisms require further experimental exploration. In this study, we did not find that BMI and DBP were independently associated with hyperuricemia (Table 7) , probably because of the special nature of the study population. Patients included in this study are patients with primary hyperuricemia, among whom hypertension, diabetes and other diseases have been ruled out. In addition, teenagers are the main body of the study population. Therefore, in this population, it is possible that ApoE genotype, but not BMI and DBP, is independently associated with hyperuricemia.
Dietary habits, the intensity of physical activity, drinking and smoking may also be associated with the serum uric acid level. However, we did not include these factors in the multivariable analysis, which is a limitation of our study. In addition, due to the small sample size for subjects with the e2e2, e2e4 and e4e4 genotypes, these genotypes were not included in the logistic regression analysis.
In conclusion, this study is the first to report that the APOE e2 allele is positively associated with SUA and could be an independent risk factor for hyperuricemia in a Chinese population. Larger studies in the future will further clarify the correlation between APOE polymorphisms and uric acid metabolism.
